We have shown previously that atherosclerotic lesions can be induced in normocholesterolemic rabbits by immunization with mycobacterial heat shock protein 65 (hsp65), which has a high degree of sequence homology with mammalian hsp60. To investigate a possible relationship between hsp6O expression and the antigenic specificities of infiltrating T cells in the lesion, 38 New Zealand White rabbits were treated either by immunization with recombinant mycobacterial hsp65 or by administration of a 0.2% cholesterol diet. Atherosclerotic lesions were observed after 16 wk, particularly in the aortic arch and arterial bifurcations of rabbits immunized with hsp65 or fed with a cholesterol-rich diet. Hsp65 staining ofaortas showed a heterogeneous distribution, and significantly increased staining intensity in atherosclerotic lesions compared to aortic media or adventitia. This abundantly expressed hsp65 was observed in atherosclerotic lesions induced by hsp65 immunization as well as those induced by cholesterol-rich diet alone. Interestingly, a population of the T lymphocytes isolated from all forms of atherosclerotic lesions specifically responded to hsp65 in vitro. IL-2-expanded T cell lines derived from atherosclerotic lesions showed a significantly higher hsp65 reactivity than those developed from peripheral blood of the same donor. Furthermore, levels of circulating antibodies and numbers of spleen cells specifically reacting against hsp65 were elevated in all experimental animals. Flow cytometric analysis of spleen cells showed elevated immune response-associated antigen expression in treated animals. In conclusion, increased hsp65 expression in intimal cells and the presence of hsp65-specific T cells in blood and in atherosclerotic lesions may be important in initiating the development of atherosclerosis and perpetuating the lesions. (J. Clin. Invest. 1993.91:2693-2702
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Epidemiological studies in our laboratory have shown that serum antibodies against hsp65 were significantly (P < 0.01) increased in subjects with carotid atherosclerosis compared to those without the lesions, and these increased antibody levels were independent of age and sex. Our data provide the first evidence of a strong correlation of hsp65 antibodies with carotid atherosclerosis in humans ( 11) .
With regard to animal experiments, we have immunized rabbits one or more times with various antigens, with or without adjuvants ( 12) . The antigens and adjuvants, respectively, included human and rabbit atherosclerotic lesion proteins, ovalbumin, recombinant mycobacterial hsp65, Freund's complete and incomplete adjuvants (FCA, FIA), and two hsp-free adjuvants, Ribi and lipopeptide. 16 wk after the first immunization, arteriosclerotic lesions in the intima of the aortic arch were found to develop only in animals immunized with antigenic preparations containing hsp, either in the form of whole mycobacteria or as purified recombinant hsp65, irrespective of any further antigens added and their normal serum cholesterol levels. These results suggest that an (auto)immune response to hsp65 may initiate the development of atherosclerosis ( 13 ) .
It has been established that atherosclerotic lesions of humans and rabbits contain a large number of T lymphocytes (14) (15) (16) (17) (18) Table I . FCA (lot no. 0638-60-7; containing 0.5 mg Mycobacterium butyricum/ml), FIA and heat-killed Mycobacterium tuberculosis H37 Ra (lot no. 3114-33-8) were purchased from Difco Laboratories (Detroit, MI). Recombinant Mycobacterium bovis hsp65 was a gift from Dr. van Embden, National Institute of Public and Environmental Protection, Bilthoven, The Netherlands.
Immunization schedules for the various experimental groups are given in Table I . As indicated, rabbits received three intracutaneous injections into the back region. Each milliliter ofemulsion consisted of 0.5 ml protein solution or PBS, pH7.2, and 0.5 ml FCA or FIA.
Blood cholesterol. Blood ( 1-2 ml) was taken from the central ear artery of rabbits fasted for 16 h. The values of serum cholesterol were measured every 4 wk using an enzymatic procedure (Sigma Immunochemicals, St. Louis, MO). Briefly, 10 ,l serum was added to 1 ml solution of cholesterol test kit and incubated for 18 min at room temperature followed by photometer measurement at 500 nm excitation wavelength (Dynatech Laboratories Inc., Alexandria, VA).
ELISA. Determination ofhsp65 antibodies was assessed essentially as described ( 11 Cholesterol-rich diet was fed starting 2 wk after the beginning of the experiment. Animals were killed 16 wk after the first immunization except seven rabbits in group 3, which were used for culturing cells prepared from atherosclerotic lesions between 20 and 26 wk. All macroscopically detectable atherosclerotic lesions of the aortic intima were documented on a glass template and quantified by computerized planimetry. Values of the lesion area are given as mean±SD per aorta in each group except seven rabbits in group 3. Statistical test was performed using the analysis of variance. * Significant difference from control, P < 0.05.
FACS analysis ofblood mononuclear and spleen cells. 15 wk after the first immunization, heparinized blood (15 IU/ml preservative-free heparin; Immuno AG, Vienna, Austria) was obtained from the central ear artery and diluted 1:2 in RPMI 1640 (Seromed, Berlin, Germany). Blood mononuclear cells were isolated by density gradient centrifugation over Lympho-Paque (density 1.086/ml; Nyegaard and Co., Oslo, Norway) as described previously (27) . After killing, rabbit spleens were removed and passed through a 120-mesh stainless steel net. The spleen cells were washed three times with RPMI 1640, incubated with NH4CI buffer (0.83 g NH4Cl, 0.0037 g Na-EDTA, 0.1 g KHC03/ 100 ml H20, pH 7.2) for 3 min to remove red blood cells, and washed with RPMI 1640.
For flow cytometric analysis cells (1 X 106) were incubated in PBS containing 1% BSA (Sigma Immunochemicals) in a total volume of 100,1u with predetermined, appropriately diluted monoclonal antibod- Splenocyte culture. Spleen cells (1 x 106/well) were cultivated in duplicate in round-bottomed microtiter plates (Nunc, Roskilde, Denmark) in 0.2 ml ofRPMI 1640 supplemented with 1% fresh autologous serum, 5 X I0-M 2-mercaptoethanol, streptomycin (100 ,g/ml) and penicillin (100 IU/ml), concanavalin A (Con A; Pharmacia) and antigens, including PPD (purified protein derivative of mycobacteria; Statens Seruminstitut, Copenhagen, Denmark) in concentrations indicated in Table II T cell cultures from atherosclerotic lesions. Under a hood and on ice, the atherosclerotic lesioned intima was sterilely dissected from the remaining media and adventitia with a scalpel and minced with scissors. Lesion cells were released from the minced intima by enzymatic digestion (1 / 10, wt/vol) according to Rosenfeld et al. (29) . In brief, 1.0 g of minced intima was incubated with 10.0 ml RPMI 1640 containing 450 U collagenase (type VIIS), 5 U elastase, and 1 mg/ml soybean trypsin inhibitor (all from Sigma Immunochemicals) for 1 h at 37°C. The enzyme/tissue mixture was then filtered through a 100-,gm nylon filter and fresh enzyme cocktail was added to the same minced tissue for an additional I h. The released cells were then pelleted at 500 g, and resuspended in RPMI 1640. Viability was assessed by the ability of the cells to exclude trypan blue and averaged > 90%.
Lesion cells were cultured either for proliferative response to antigens or for establishing T (Fig. 1) . Thus, immunization alone does not elevate blood cholesterol levels in rabbits receiving a normal diet. On the other hand, rabbits of group 4 fed a cholesterol-enriched diet and simultaneously immunized three times with FCA showed higher blood cholesterol levels than rabbits receiving the cholesterol diet alone, although no statistical significance could be observed.
To assay serum antibody levels, ELISA plates were coated with recombinant mycobacterial hsp65, ovalbumin, or PPD. The data are summarized in Table II showing the expected significant increase of antibodies against hsp65 and PPD in immunized rabbits ofgroups 2 and 4, but no antibodies against the control antigen ovalbumin. Interestingly, OD values with sera from nonimmunized rabbits tested on hsp65-coated wells were significantly higher than ovalbumin coated wells. These findings are similar to our observations in healthy humans ( 11) , and may reflect previous contact with bacterial hsp or reactivity against autologous hsp with high antigenic homology to bacterial hsp ( 31 ).
Phenotypic characterization ofperipheral blood and spleen leukocytes. Previous studies revealed a certain effect of hypercholesterolemia on the leukocyte production in the bone marrow and/or on the circulation kinetics ofleukocytes in the blood ofrabbits (32) . In the present experiments, the ratio ofT lymphocytes and Ia-positive cells to the total number of blood mononuclear and spleen cells, respectively, was determined by FACS using monoclonal antibodies against rabbit CD3 and Ia antigens (Fig. 2) . The number of T cells in the blood and spleen showed no significant difference among the four groups, i.e., untreated control, hsp65 immunized, cholesterol diet, and FCA immunized plus a cholesterol-enriched diet. In contrast, (18) .
Spleen cell response. Table III summarizes the results of proliferation assays of total spleen cells cultivated for 48 h in the presence and absence of various antigens, or the T cell mitogen Con A as a positive control. It is obvious that spleen cells of all rabbits were strongly stimulated by Con A. As expected, the cells of immunized animals reacted specifically with hsp65 and PPD, an hsp65-containing material, but not with ovalbumin. Interestingly, spleen cells of untreated control and cholesterol diet rabbits also showed higher proliferative activity to hsp65 or PPD than spleen cells in medium without antigen, or with ovalbumin. These results are similar to the observations with serum antibodies and support the notion of prior contact with hsp-containing antigenic material, e.g., during infections.
Hsp65 staining in atherosclerotic lesions. From each group five aortic specimens were immunohistologically stained with monoclonal antibody ML-30 against mycobacterial hsp65.
This antibody shows a cross-reaction with mammalian hsp60.
Intimal endothelium, media, and adventitia of normal aortas showed very weak, if any, hsp65 staining. The lesion-covered areas of the intima from all rabbits, either hsp65 immunized, cholesterol-rich diet, or FCA-immunized plus cholesterol-rich diet, revealed an increased intensity of hsp65 immunostaining. The pattern of hsp65 staining in the lesioned aortas is shown in Fig. 3 . Nonspecific reactivity was minimal in the corresponding negative controls (Fig. 3, B, D, and F) . In the small-sized lesions, most areas within the intima had already become more intensely stained (Fig. 3 A) , whereas fatty streaks induced by the cholesterol-rich diet displayed elevated hsp65 content in the endothelial and subendothelial regions (Fig. 3 C) . Heterogeneity of hsp65 staining became more evident in atherosclerotic plaques. Sites of increased hsp65 were mainly within the cap and base regions or in the surrounding necrotic debris of the atherosclerotic plaque (Fig. 3 E) . The hsp65 staining in the lesions appeared to be related more to cellular than extracellular components, as demonstrated on immunostained sections by counterstaining with Mayer's hemalaun.
Response ofT cellsfrom atherosclerotic lesions. T cells constitute 10-20% of total cells revealed by nuclear counterstaining with a DNA dye in various stages of atherosclerotic lesions induced by cholesterol-rich diet (Fig. 4) . More than half of the T cells were found to be Ia+ in sections of atherosclerotic lesions and smears of dissociated lesion cells (Fig. 5) . No significant difference ofIa' cells was found between the lesions in situ and cell isolates, excluding the possibility of a selective isolation of activated T cells. Over 90% of these dissociated cells were viable as assessed by trypan blue exclusion, thus providing the possibility for T cell culture. Fig. 6 shows the results of proliferative assays with atherosclerotic lesion cells plus autologous feeder cells cultured for 48 h in the presence or absence of hsp65, with Con A as a positive control. Lesion cells of rabbits in experimental groups 2,3, and 4 strongly responded to Con A stimulation. Interestingly, T cell proliferation to hsp65 was found not only in lesion cells from hsp65 immunized rabbits 2696 Q. Xu but also in those fed a cholesterol-rich diet exclusively. This T cell response to hsp65 in all three groups was significantly higher than that of cells cultured in medium only, suggesting the existence ofT lymphocytes specifically reacting to hsp65 in all types of atherosclerotic lesions of experimental animals.
T cell lines ofatherosclerotic lesions. As described above, a large fraction of T lymphocytes within atherosclerotic lesions was found to be Ia', indicating activation. To assess the possibility of different reactions of activated T cells to hsp65 of atherosclerotic lesion cells and blood leukocytes, blood mononuclear and lesion cells from the same rabbit were cultured and propagated in IL-2-containing medium for 2 wk. The T cell lines were cultivated with hsp65, ovalbumin, or Con A in the presence of irradiated autologous splenocytes. The proliferative response of the cell lines to hsp65 established from the lesions was significantly higher than that from the autologous peripheral blood cells, although blood T cell lines also reacted stronger to hsp65 than ovalbumin (Table IV) . Furthermore, the lesion T cell lines response to Con A was relatively poor compared to the blood derived cell lines.
Discussion
We have recently established an animal model ofexperimental atherosclerosis in normocholesterolemic rabbits by immunization with mycobacterial hsp65 (12) . In the present experiments, increased expression of the mammalian homologous hsp60 in various types ofatherosclerotic lesions induced either by hsp65 immunization or a cholesterol-rich diet, was demonstrated by immunohistochemistry using a monoclonal antibody (ML-30) against mycobacterial hsp65. This murine monoclonal antibody has been found to react with a sequential epitope of M. tuberculosis hsp65 within residues 311-322 of which the tetrapeptide (315-318), shared with the mammalian hsp60 sequence, is a possible core for the antigenic determinant site (25) . Recently, Hsp7O has been demonstrated in high levels in human atherosclerotic lesions ( 33 ) . Evidence also indicates that surgical trauma entails a significant increase ofhsp in the aorta compared to other organs, such as brain, lung, heart, liver, spleen, kidney, and skeletal muscle (9) . This may be one of the reasons why atherosclerotic lesions usually localize in large arteries. Mechanisms leading to hsp65 expression in aortic endothelial cells may involve hemodynamic stress, while hypercholesterolemia itself may be an additional stress factor. FACS analysis of peripheral blood and spleen leukocytes showed an increased number of MHC class II antigen-positive cells in those rabbits receiving a cholesterol-enriched diet, indicating a higher level ofactivated leukocytes. In hypercholesterolemic rabbits, aortic endothelial cells have been demonstrated to express mononuclear leukocyte adhesion molecule during atherogenesis (34). It is known that leukocytes adhere to endothelial cells in experimental animals as early as 1 wk after initiation of cholesterol-rich diet (35) (36) (37) . It remains to be clarified whether expression of hsp60 and adhesion molecules in endothelial cells occur in parallel, and is followed by lymphocyte adhesion in these animal models.
T cells in atherosclerotic lesions of rabbits constitute up to 20% of total lesion cells, most of which express MHC class II (Ia) antigens, i.e., are activated ( 12) . To prove whether these T cells specifically respond to hsp65 participate in atherogenesis, we isolated and cultured T cells from atherosclerotic lesions and compared them with PBL from the same animal. A population ofT cells in the lesions are hsp60 antigen specific, supporting the hypothesis that T cells reacting to hsp65 are involved in the development of atherosclerosis.
There are different mechanisms by which activated T cells could emerge in the lesions. For example, there may be a preferential recruitment of T cells that were already activated in the blood. This possibility is supported by the fact that a low number of activated T cells specifically reacting against hsp65 are always circulating in peripheral blood of rabbits ( 12) and humans (31 ), reflecting previous contact with this antigen. Such cells adhere to the endothelial cells to a much higher extent than resting T cells (38) . In When infiltrating T cells display the CD4+ phenotype they release several lymphokines that play an important role in the control of the biological behavior of vascular cells. For instance, endothelial and smooth muscle cells respond to gamma-interferon by expressing MHC class II antigens ( 18, 19) , and thus, acquire the capacity to present foreign antigens to T cells in a "suicidal" fashion (39) . Endothelial cells respond to TNF and gamma-interferon by expressing leukocyte adhesion molecules, e.g., vascular cell adhesion molecule-i, intercellular adhesion molecule-i, and endothelial leukocyte adhesion molecule (for review see references 40 and 41 ). Another lymphokine, macrophage colony-stimulating factor, was recently demonstrated to be elevated in atherosclerotic lesions of humans and rabbits (42, 43 Interestingly, atherosclerosis shows several similarities to rheumatoid arthritis, which has been identified to be a hsp-related autoimmune disease (44) . Patients with rheumatoid arthritis have significantly elevated serum antibody levels to mycobacterial hsp65 (44) , and increased T cell reactivity to hsp65 in synovial fluid mononuclear cells compared to peripheral blood mononuclear cells (44, 45) . The T cell receptor pattern in rheumatoid synovium appears to be heterogeneous, suggesting a predominantly polyclonal origin of T cells under these conditions. It is characterized by lesions with activated T lymphocytes, HLA-DR-expressing synovial cells, and increased amount of hsp60 identified by immunohistochemical techniques with the same monoclonal antibody ML-30 used in the present experiments. Atherosclerosis is also an example for local, aberrant HLA-DR expression in tissues infiltrated by activated T cells (14) (15) (16) (17) (18) , which were identified as predominantly polyclonal (20). It is of interest that increased hsp60 expression coincides with accumulation of a fraction of T cells reacting specifically with mycobacterial hsp65 in atherosclerotic lesions. As shown in the present study, this phenomenon, albeit to a different extent, was found in all types of lesions induced by hsp65 immunization, cholesterol-rich diet, or FCA-immunization plus cholesterol-rich diet.
Furthermore, in healthy humans, circulating antibodies, and T cells reacting against mycobacterial hsp65, shared epitopes of mycobacterial and human 65 (63)-kD hsp have been found ( 11, 25, 46) . All animals used in our studies showed circulating antibodies and T cells reacting against hsp65 at significantly higher levels than against ovalbumin, as a nonrelevant antigen ( 12) . Hsp show very high phylogenetic sequence homology not only between bacterial genera, but also throughout all higher forms of life ( 1, 2) . The lifelong exposure to environmental microorganisms may partially explain the existence of a certain basic level of hsp-specific antibodies and T cells in healthy subjects. It is also known that atherosclerotic lesions emerge in children as early as 10-12 yr of age (47) . Blood cholesterol concentration alone is not a plausible explanation, since most of these children have normal or even relatively low blood cholesterol levels. Alternatively, various microbial infections in children can induce antibodies and T cells specifically reacting against hsp65. A possible role of the specific antibodies and T cells in initiating stage of atherosclerosis in children should be taken into account in further studies.
Reactivity to the hsp65 antigen has been associated with adjuvant arthritis in rats (48), rheumatoid arthritis in humans (44) , insulin-dependent diabetes mellitus in mice (49) , and with atherosclerosis in humans ( 11 ) and rabbits ( 12 ) . The hsp65 molecule features multiple lymphocyte epitopes and it is conceivable that among them there is one cross-reactive with an antigen in atherosclerotic lesions and another cross-reactive with an antigen present in joints. Indeed, the hsp65 epitope critical for adjuvant arthritis (amino acids 180-188) appears homologous to a sequence in the link protein of the cartilage proteoglycan (44) . Hence, responses to different hsp65 epitopes might lead either to arthritis or to atherosclerosis. In therapeutic respects, vaccination with a nonapeptide, amino acid sequence 180-188 of hsp65, was demonstrated to reduce incidence and severity ofadjuvant arthritis in rats (50) , and administration ofhsp65 in PBS can vaccinate against diabetes in mice (49). In view ofthe possible role ofhsp65 /60 in the pathogene- sis of atherosclerosis that has not been taken into account by others so far, caution should be exerted when recommending application of hsp for therapeutic or preventive purpose. On the other hand, if different hsp65 epitopes turn out to play a pathogentic role in different diseases, the use of different peptides will be indicated in these conditions. Although the present experiments show that hsp65-evoked immune reactions play a certain role in the development of atherosclerosis in animal models, some questions remain to be answered. First, a large population of T lymphocytes in the lesions does not respond to hsp65. It is still not known whether these T cells specifically react with other hsp, such as 70 present in human atherosclerotic lesions in high levels (33) , and/or with other speculative antigens, including modified lipoproteins (51 ) that were recently demonstrated to induce T cell activation in vitro (52) and to elicit autoantibodies in atherosclerotic patients (53) , cryptic antigens released by necrotic cells (54) , viruses (55), etc. Second, it is not clear that hypercholesterolemia is really a factor stressing endothelial cells to express hsp6O in higher levels in the initial stage ofatherosclerosis in rabbits fed a cholesterol-rich diet. Finally, due to a limitation of specific reagents, e.g., lymphokines, antibodies, and cDNA probes for rabbits and the difficulty to maintain and propagate rabbit T cells for more than 2 wk, further characterization of rabbit T cell lines, including information if T cells responding to mycobacterial antigens express the y/6 T cell receptor, is lacking at the moment. To answer several of the questions mentioned above further investigations are being carried out in our laboratory focusing on atherosclerotic lesions of humans and rats.
